RE. High concentrations of HGF inhibit skeletal muscle satellite cell proliferation in vitro by inducing expression of myostatin: a possible mechanism for reestablishing satellite cell quiescence in vivo. Am J Physiol Cell Physiol 298: C465-C476, 2010. First published December 9, 2009; doi:10.1152/ajpcell.00449.2009.-Skeletal muscle regeneration and work-induced hypertrophy rely on molecular events responsible for activation and quiescence of resident myogenic stem cells, satellite cells. Recent studies demonstrated that hepatocyte growth factor (HGF) triggers activation and entry into the cell cycle in response to mechanical perturbation, and that subsequent expression of myostatin may signal a return to cell quiescence. However, mechanisms responsible for coordinating expression of myostatin after an appropriate time lag following activation and proliferation are not clear. Here we address the possible role of HGF in quiescence through its concentration-dependent negative-feedback mechanism following satellite cell activation and proliferation. When activated/proliferating satellite cell cultures were treated for 24 h beginning 48-h postplating with 10-500 ng/ml HGF, the percentage of bromodeoxyuridineincorporating cells decreased down to a baseline level comparable to 24-h control cultures in a HGF dose-dependent manner. The high level HGF treatment did not impair the cell viability and differentiation levels, and cells could be reactivated by lowering HGF concentrations to 2.5 ng/ml, a concentration that has been shown to optimally stimulate activation of satellite cells in culture. Coaddition of antimyostatin neutralizing antibody could prevent deactivation and abolish upregulation of cyclin-dependent kinase (Cdk) inhibitor p21. Myostatin mRNA expression was upregulated with high concentrations of HGF, as demonstrated by RT-PCR, and enhanced myostatin protein expression and secretion were revealed by Western blots of the cell lysates and conditioned media. These results indicate that HGF could induce satellite cell quiescence by stimulating myostatin expression. The HGF concentration required (over 10-50 ng/ml), however, is much higher than that for activation, which is initiated by rapid release of HGF from its extracellular association. Considering that HGF is produced by satellite cells and spleen and liver cells in response to muscle damage, local concentrations of HGF bathing satellite cells may reach a threshold sufficient to induce myostatin expression. This time lag may delay action of the quiescence signaling program in proliferating satellite cells during initial phases of muscle regeneration followed by induction of quiescence in a subset of cells during later phases. activation; hepatocyte growth factor; muscle regeneration; myostatin; quiescence; satellite cells; time lag SKELETAL MUSCLE SATELLITE cells, resident myogenic stem cells interposed between the overlying external lamina and the sarcolemma of a subjacent mature muscle fiber, are normally found in a mitotically and metabolically quiescent or dormant state during most of adult postnatal life. When muscle is injured, overused, or mechanically stretched, satellite cells activate to enter the cell cycle from a protracted G 1 state (often referred to as G 0 ) in a hepatocyte growth factor (HGF)/nitric oxide (NO) radical-dependent manner (7, (80) (81) (82) (83) 85, 86, 88, 103, 104; reviewed in Refs. 9, 10, 87, 90, 101) . Activated satellite cells have been shown to migrate to the damaged site where they replicate DNA, divide, differentiate, and fuse with the adjacent muscle fiber (or form new fibers) to repair damaged regions and to enhance hypertrophy of muscle fibers (4, 13, 32, 47, 68, 70, 87, 94, 96, 101) . After cell proliferation, some cells in the population withdraw from the cell cycle again and reenter mitotic quiescence, which is an essential event for self-renewal or maintenance of the myogenic stem cells responsible for sustainable muscle regeneration and hypertrophy (19, 23) . Despite rapid advances in our understanding of the molecules and mechanisms involved in regulating satellite cell activation as described below, relatively little is known about control of the satellite cell quiescence program that is initiated following a period of satellite cell activation and proliferation during successful regeneration and work-induced hypertrophy of functional muscle fibers.
sarcolemma of a subjacent mature muscle fiber, are normally found in a mitotically and metabolically quiescent or dormant state during most of adult postnatal life. When muscle is injured, overused, or mechanically stretched, satellite cells activate to enter the cell cycle from a protracted G 1 state (often referred to as G 0 ) in a hepatocyte growth factor (HGF)/nitric oxide (NO) radical-dependent manner (7, 80 -83, 85, 86, 88, 103, 104 ; reviewed in Refs. 9, 10, 87, 90, 101) . Activated satellite cells have been shown to migrate to the damaged site where they replicate DNA, divide, differentiate, and fuse with the adjacent muscle fiber (or form new fibers) to repair damaged regions and to enhance hypertrophy of muscle fibers (4, 13, 32, 47, 68, 70, 87, 94, 96, 101) . After cell proliferation, some cells in the population withdraw from the cell cycle again and reenter mitotic quiescence, which is an essential event for self-renewal or maintenance of the myogenic stem cells responsible for sustainable muscle regeneration and hypertrophy (19, 23) . Despite rapid advances in our understanding of the molecules and mechanisms involved in regulating satellite cell activation as described below, relatively little is known about control of the satellite cell quiescence program that is initiated following a period of satellite cell activation and proliferation during successful regeneration and work-induced hypertrophy of functional muscle fibers.
Of all growth factors studied thus far, only myostatin (also called growth differentiation factor 8), a secreted factor of the transforming growth factor (TGF)-␤ superfamily (50) and TGF-␤s, have been well documented to provide a powerful signal that can stimulate satellite cell quiescence (or block activation, proliferation, and differentiation to maintain quiescence) in cultures (1, 48, 91) and in vivo (95) , and these factors may be an important signaling molecules for imposing quiescence on myogenic precursors during chick embryonic and fetal development (5) . Gene mutations that impair myostatin functions in mice, cattle, and sheep result in a dramatic increase in muscle mass (18, 30, 37, 49, 50) , and similar mutation was recently identified in humans, which leads to a decrease in myostatin levels and a phenotype similar to that observed in myostatin-null mice (67) . Myostatin protein is synthesized in myogenic cells and a few other cell types as a 52-kDa pro-form (49, 61, 72) and proteolytically processed at the RSRR site to give rise to a 26-kDa active form (11, 43, 72) , which has been shown to associate with activin receptor type II family to elicit biological functions (42, 62) . Therefore, myostatin expression and secretion followed by presentation to the receptor may be a crucial step of the autonomical quiescence of proliferating satellite cells, although the molecular mechanism has not been elucidated.
Another key factor that regulates the cell proliferation activity of satellite cells is HGF, which is a heparin-binding protein localized in the extracellular domain of uninjured muscle fibers. HGF can provide a signal that activates quiescent satellite cells in vitro with a peak concentration as low as 2.5 ng/ml in primary cultures, and HGF also activates satellite cells in vivo (2, 3, 80, 85) . The intracellular signaling receptor having a high-affinity specific for HGF is the c-met protooncogene, a membrane-bound, disulphide-linked heterodimer with an intracellular tyrosine kinase domain (27) (28) (29) 34) , and its message and protein have been found in quiescent and activated satellite cells (2, 21, 80) . In previous works, we employed a FlexerCell system (Flexcell International, McKeesport, PA) to apply cyclic stretch to isolated rat satellite cells and found that mechanical stretch triggers satellite cell activation by rapid release of HGF from its extracellular tethering and subsequent presentation to the c-met receptor (81-83, 88, 103, 104) . This phenomenon is relevant to satellite cells in living skeletal muscle as revealed by an in vivo muscle stretch model (65, 85) .
Additional important observations related to these studies are that extracellular HGF concentrations increase in response to muscle injury, mechanical stretch, exercise, and NO radical treatments, possibly because of the release of HGF from the extracellular matrix of muscle fibers and satellite cells (36, 75, 76, 79, 80, 84, 85, 101) and to HGF synthesis by activated satellite cells (6, 73) . In addition, Suzuki et al. (76) demonstrated that spleen and liver cells respond to muscle injury to produce HGF message and protein, resulting in increased serum levels of HGF that may be delivered via blood flow to the extracellular space in regions of damage. Early in these situations, satellite cells can be rapidly activated to enter the cell proliferation cycle through a low-level HGF ligand/highaffinity receptor c-met pathway as shown by Allen's and Anderson's groups (2, 3, 7, 8, 80, 81, 83, 85, 88, 98 -104; reviewed in Refs. 9, 10, 87, 90) . However, the physiological significance of further increases in the extracellular HGF level in the later phase (at the cell proliferation and differentiation stages) has not been examined.
Experiments in the present study were designed to test the hypothesis that increasing concentrations of HGF in regenerating muscle may be involved in driving cells back into quiescence. This novel idea is based on the unexpected outcome of cell activation experiments (83) , in which the HGF dose-dependence curve showed a drastic decrease in an activation index in cultures treated with over 50 ng/ml HGF for 24 h (preliminary results presented in Ref. 90a). Similar results have been published very recently by Johnson's group, who described that treatment of mouse satellite cells with high concentrations of HGF (50 ng/ml) inhibits their proliferation (44) .
As a first step toward understanding the mechanism through which high-level HGF may promote the quiescence of proliferating satellite cells, we examined whether satellite cells can produce myostatin in response to the growth factor. Results clearly demonstrated that myostatin expression and secretion were significantly upregulated in proliferating satellite cells in response to HGF at concentrations over 10 -50 ng/ml in vitro in primary tissue cultures. Furthermore, immunoneutralization of myostatin reversed the inhibition of proliferation observed in response to high concentrations of HGF. Therefore, we propose a possible role for HGF in reestablishing quiescence through a negative feedback mechanism following satellite cell activation and proliferation.
MATERIALS AND METHODS

Materials.
The following materials were obtained for primary cell culture experiments: Dulbecco's modified Eagle's medium (DMEM, low glucose type, 31600-034), normal horse serum (HS, 16050-122), antibiotic-antimycotic (15240-062), and gentamicin (15710-064) from Invitrogen (Grand Island, NY); poly-L-lysine (P9155), bovine plasma fibronectin (F1141), protease type XIV (P5147), and 5-bromo-2=-deoxyuridine (BrdU, B5002) from Sigma (St. Louis, MO); recombinant human HGF (294-HG) from R&D Systems (Minneapolis, MN); SuperScript III reverse transcriptase (18080-044) and TRIzol reagent (15596-018) from Invitrogen; RNeasy Micro kit (74004) and QIAshredder homogenizer spin column (79654) from Qiagen (Hilden, Germany); LightCycler TaqMan Master (04735536001), Universal ProbeLibrary probes, and oligo(dT) primer (H09876) from Roche (Mannheim, Germany); and ExTaq DNA polymerase (RR001A) from Takara Bio (Otsu, Japan).
For the immunodetection of target proteins in satellite cells, the following materials were additionally used: antigen-affinity-purified goat polyclonal anti-mouse myostatin neutralizing antibody (AF788), rat monoclonal anti-mouse myostatin antibody (MAB788) and goat polyclonal anti-mouse c-met antibody (AF527) from R&D Systems; D3 mouse monoclonal antidesmin and G3G4 mouse monoclonal anti-BrdU antibodies from the Developmental Studies Hybridoma Bank (Iowa City, IA); SX118 mouse monoclonal anti-p21 (556430) and 5.8A mouse anti-MyoD antibodies (554130) from BD Biosciences (San Jose, CA); DM1A mouse monoclonal anti-chick ␣-tubulin antibody (T9026) from Sigma; affinity-purified biotinylated rabbit anti-goat IgG (BA-5000), horse anti-mouse IgG (BA-2000), rabbit anti-rat IgG (BA-4000) and horseradish peroxidase (HRPO)-labeled avidin kit (PK-6100) from Vector Laboratories (Burlingame, CA); affinity-purified HRPO-conjugated goat anti-mouse IgG (A-4416) and 3,3=-diaminobenzidine (DAB) from Sigma; enhanced chemiluminescence (ECL) detection kit (PRN2106) and nitrocellulose membranes (Hybond ECL, RPN2020D) from GE Healthcare (Little Chalfont, UK); biotinylated molecular weight standards (161-0319) from Bio-Rad (Hercules, CA); BIOMAX-XAR X-ray film (166-0760) from Eastman Kodak (Rochester, NY). Other materials were as reported (89) .
Animal care and use. Experiments involving animals were conducted according to institutional guideline and with the approval of Kyushu University Institutional Review Board and the University of Arizona Institutional Animal Care and Use Committee.
Satellite cell isolation and primary culture. Satellite cells were isolated from 9-mo-old male Sprague-Dawley rats according to Allen et al. (3) , with slight modifications (86) . Briefly, muscle groups from the upper hindlimb and back were excised, trimmed of fat and connective tissue, hand minced with scissors, and digested for 1 h at 37°C with 1.25 mg/ml protease type XIV. Cells were separated from muscle-fiber fragments and tissue debris by differential centrifugation and plated on poly-L-lysine and fibronectin-coated dishes in DMEM containing 10% HS, 1% antibiotic-antimycotic mixture, and 0.5% gentamicin (DMEM-10% HS, pH 7.2). Cultures were maintained in a humidified atmosphere of 5% CO 2 at 37°C. In experiments in which conditioned medium was assayed for the presence of secreted myostatin, cultures were washed with serum-free DMEM at 66-h postplating, and treatments were imposed for the next 6 h in the DMEM; conditioned media were collected, centrifuged for 3 min at 1,300 g, filtered through 0.22-m filter, and stored at Ϫ30°C until use. In addition, companion satellite cell cultures were immunostained for the presence of c-met or desmin at 30 h after plating using a polyclonal anti-mouse c-met antibody, D3 monoclonal anti-desmin antibody, biotinylated anti-goat/mouse IgG antibodies, and HRPO-labeled avidin to determine the percentage of myogenic cells present. Cultures with Ͻ95% DAB-positive cells were not used for experiments.
In vitro activation assay. Cultures were pulse-labeled with 10 M BrdU in DMEM-10% HS for the final 2 h at each time point from 24 to 120-h postplating, followed by immunocytochemistry for detection of BrdU using a G3G4 anti-BrdU monoclonal antibody [1:100 dilution in 0.1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS)] and a HRPO-conjugated anti-mouse IgG antibody (1:500 dilution) according to Tatsumi et al. (80) . The percentage of BrdU-labeled cells is an indicator of activation (entry into the cell cycle) and the subsequent proliferation of satellite cells.
ECL-Western blotting and immunocytochemistry. Whole cell lysates and conditioned media (serum-free DMEM) from satellite cell cultures with and without HGF were subjected to 12.5% polyacrylamide gel electrophoresis under reducing conditions (41) and transferred to nitrocellulose membranes using an electrode buffer of 25 mM Tris, 0.192 M glycine, 0.1% SDS, and 20% ethanol. Blots were blocked with 10% powdered milk in 0.1% polyethylene sorbitan monolaurate (Tween 20)-Tris buffered saline (TTBS) before incubation with antimyostatin, anti-MyoD, anti-cyclin-dependent kinase (Cdk) inhibitor p21, or anti-␣-tubulin antibodies (1:1,000 dilution in 1% powdered milk-TTBS additionally containing 0.05% NaN 3) overnight at room temperature. Blots were subsequently treated for 1 h with biotinylated secondary antibody at 1:5,000 dilution in 1% powdered milk-TTBS, then with HRPO-labeled avidin at a 1:500 dilution in TTBS for 30 min at room temperature, followed by ECL detection onto Kodak BIOMAX-XAR X-ray films.
For immunolocalization of myostatin and MyoD, satellite cell cultures were fixed at each time point from 24 to 120-h postplating for 10 min in 3.7% paraformaldehyde-PBS, and blocked with 1% goat serum in PBS for 15 min before incubation overnight at 4°C in primary antibody to myostatin and c-met (1:2,000 dilution in 0.1% BSA-PBS). Cells were subsequently incubated with biotinylated antigoat or anti-mouse IgG secondary antibodies (1:10,000 dilution in 0.1% BSA-PBS) and HRPO-avidin (1:500 dilution in PBS) for 2 h at an ambient temperature, followed determination of the percentage of DAB-stained cells.
Reverse transcription-polymerase chain reaction. Total RNA was isolated from cultured satellite cells using TRIzol reagent. cDNA was synthesized from 0.4 g of total RNA by a reverse-transcriptase SuperScript III using oligo(dT) primer. PCR was performed using ExTaq polymerase on the mRNA expression level of myostatin (accession no. NM_019151) standardized with the expression of hypoxanthine guanine phosphoribosyl transferase [HPRT, accession no. NM_012583.2 for rat cDNA cloning and sequence analysis originally determined by Chiaverotti et al. (17)]. The intron-spanning primer sets used are as follows: for rat myostatin, forward 5=-GCTTTGGATGAGAATGGGCA-3=, reverse 5=-TGCACAAGATGAGT-ATGCGG-3=, annealing temperature 55°C, 35 cycles, amplicon 299 nucleotides (nt); for murine HPRT, forward 5=-GCTGGTGAAAAGGAC-CTCT-3=, reverse 5=-CACAGGACTAGAACRYCTGC-3=, annealing temperature 58°C, 35 cycles, amplicon 249 nt. Annealing temperatures and cycle numbers were optimized so that the amplification reactions are within the linear range. The PCR products were visualized with ethidium bromide after agarose gel electrophoresis.
Myogenin mRNA expression (accession no. NM_017115.2) was also monitored by the real-time quantitative PCR using Roche LightCycler1.5 run under the TaqMan probe detection format standardized with HPRT expression. Total RNA was isolated from 72-h cultured satellite cells with and without HGF (2.5 and 500 ng/ml) using RNeasy Micro kit according to the manufacturer's recommendation, and the primer sets were designed by the ProbeFinder (version 2.35 for rat, Roche) with an intron-spanning assay: for rat myogenin, forward 5=-CCTTGCTCAGCTCCCTCA-3=, reverse 5=-TGGGAGTTGCAT-TCACTGG-3=, amplicon 94 nt; for murine HPRT, forward 5=-GACCGGT-TCTGTCATGTCG-3=, reverse 5=-ACCTGGTTCATCATCACTAAT-CAC-3=, amplicon 61 nt. Annealing temperature was set to 60°C in both cases.
Statistical analysis. Analysis of variance procedures were employed to analyze experimental results using general linear model procedures of SRISTAT2 for Windows software (Social Survey Research Information, Tokyo, Japan). Least-squares means for each treatment were separated on the basis of least significant differences. Data are represented as means Ϯ SE for four cultures per treatment and were considered significantly different from the mean in control cultures when P Ͻ 0.05.
RESULTS
HGF may induce satellite cell quiescence. The purpose of this study was to examine if high concentrations of HGF could induce proliferating satellite cells to return to quiescence. Satellite cells prepared from adult rat skeletal muscles were stimulated for activation during 24 h from 24-to 48-h postplating by 2.5 ng/ml HGF, a treatment that has been shown to peak activation of the cells in our culture system (83) . Following activation, cultures were incubated with higher concentrations of HGF for the next 24-h period (Fig. 1A) . BrdUincorporation assay at 72-h postplating demonstrated that HGF concentrations greater than 10 ng/ml decreased the activation index relative to cultures receiving 2.5-10 ng/ml HGF. The BrdU-labeling index at 250 ng/ml was significantly lower than that of the starting activation-culture receiving 2.5 ng/ml HGF (b, assayed at 48-h postplating), and the BrdU-labeling index in cultures receiving 500 ng/ml HGF was comparable to the control culture receiving no HGF (a, assayed at 24-h postplating).
This issue was further examined by assessing the time course of deactivation of satellite cell cultures with 500 ng/ml HGF in the media (Fig. 1B) . The proliferating cell frequency was further decreased in the 72-to 120-h cultures (closed circle) in contrast to a higher level maintained in cultures with 2.5 ng/ml HGF (open circle), consistent with the observation that the 500 ng/ml HGF did not stimulate an increase in cell number during the culture period from 72-to 120-h postplating, in contrast to cultures receiving 2.5 ng/ml HGF (inset in Fig. 1B ). To determine whether this deactivation phenomenon represents quiescence or differentiation of satellite cells, reactivation activity of the high-level HGF-deactivated cells was examined. In experiments displayed in Fig. 1C , proliferating satellite cells were deactivated by 500 ng/ml HGF addition as shown in Fig. 1 , A and B, and subsequently maintained in DMEM-10% HS with or without 2.5 ng/ml HGF for 48 h from 72-to 120-h postplating. The activation index was increased again in the 120-h culture with a 24-h time lag after lowering the HGF concentration (closed square); activation index remained low in the control cultures not receiving any HGF (open square). These data provide evidence that high-level HGF (over 10 ng/ml) can decrease the proliferation activity of satellite cells in vitro, which may represent satellite cell quiescence but not differentiation. This issue was further supported by the real-time RT-PCR analysis of myogenin mRNA expression (top inset in Fig. 1A) ; relative to control cultures (bar C), there was very little myogenin mRNA expression with either 2.5 or 500 ng/ml HGF (bars HGF).
Myostatin mediates HGF-induced deactivation of satellite cells. Experiments were conducted to investigate the potential involvement of myostatin in satellite cell deactivation stimu-lated by high concentrations of HGF. In experiments described in Fig. 2 , activated satellite cells were treated with 500 ng/ml HGF in the presence of various concentrations of antimyostatin neutralizing antibody for 24 h from 48-to 72-h postplating. With increasing concentrations of the neutralizing antibody in cultures, the BrdU-incorporation activity was rescued ( Fig.  2A) . The proliferation activity of cultures with 10 g/ml neutralizing antibody was almost equivalent to the 72-h activation cultures with 2.5 ng/ml HGF (c), demonstrating that high-level HGF-induced satellite cell deactivation was can- and 500 ng/ml HGF. B: time courses of the BrdU-incorporation activity and the relative cell density (inset) in cultures treated with 2.5 ng/ml (OE) and 500 ng/ml HGF () from 48-to 120-h postplating. C: reactivation activity of cells that received 500 ng/ml HGF for 24-h period from 48-to 72-h postplating and then maintained in the presence () or absence (□) of 2.5 ng/ml HGF in DMEM-10% HS for the next 48 h. Data points represent means Ϯ SE for four cultures per treatment; significant differences from starting culture means (data point b in A and B and the 72-h data point in C) are indicated (*P Ͻ 0.05; **P Ͻ 0.01). Experiments included the following control cultures: c, with 2.5 ng/ml HGF; dЉ, with 500 ng/ml HGF plus 10 g/ml control immunoglobulin (goat IgG). Data points depict the means Ϯ SE for four cultures per treatment; significant differences from the control culture mean (leftmost data point without neutralizing antibody) are indicated (*P Ͻ 0.05; **P Ͻ 0.01). B: companion cultures were analyzed for p21 expression by enhanced chemiluminescence (ECL)-Western blotting of cell lysates; ␣-tubulin protein levels were included to standardize the cell loading. CNT, control blots of 500 ng/ml HGF-treated cells without primary antibody and with secondary reagents.
celled by addition of antimyostatin neutralizing antibody to culture media. Experiments included a control culture treated with 500 ng/ml HGF plus 10 g/ml of a nonneutralizing antibody (dЉ); cultures receiving nonneutralizing antibody did not show a reversal of the effect of 500 ng/ml HGF (leftmost data point). One of the targets of myostatin signaling is p21 (91), a Cdk inhibitor that regulates the G 1 /S and G 2 /M transitions during cell cycle progression (24, 74) . The effect of antimyostatin neutralizing antibody on p21 expression level was examined by Western blotting of the HGF-treated cultures at 72-h postplating (Fig. 2B) . The band corresponding to p21 was clearly detected in satellite cell lysates from the deactivation culture with 500 ng/ml HGF (lane d), but very little p21 was found in the activation culture with 2.5 ng/ml HGF (lane c). Upregulation of p21 protein in response to high concentrations of HGF was cancelled by adding antimyostatin neutralizing antibody to the 500 ng/ml HGF medium (lane d=), indicating that the p21 may be involved in high-level HGFinduced satellite cell deactivation downstream of myostatin activity.
The role of HGF in myostatin expression was further examined by analyzing myostatin message and protein expression. Whole cell lysates and conditioned media from a constant number of satellite cells were analyzed for myostatin expression and secretion at 72-h postplating by Western blotting using antimyostatin antibody that recognizes the COOH-terminal mature bioactive region of the protein (Fig. 3A, top row) . In cultures receiving 500 ng/ml HGF, a 52-kDa band corresponding to the promyostatin form was detected in cell lysates and conditioned media along with weak staining of an unknown 60-kDa band (lanes d , at 24-h) . Myostatin upregulation by 500 ng/ml HGF was also demonstrated by RT-PCR of the 72-h cultured-cells (Fig. 3C) -c and e) , consistent with the protein expression profiles described above. Similar results were also observed by immunocytochemistry for the same series of the cells (Fig. 3B) , with myostatin-positive cell percentages reaching 90% in the 500 ng/ml HGF culture (solid bar d, at 72-h). Myostatin was seen in ϳ10% of the cells in both activation and reactivation cultures (solid bars b, c, and e, assayed at 48, 72, and 120-h, respectively). Myostatin expression was completely opposite to the expression pattern of MyoD protein (see Fig.  3A , bottom row, and B, light-grayed bars), which has been well documented to be upregulated in proliferating satellite cells and then downregulated in the quiescent cells (39, 105, 106) . Together, these results highlight a prominent role for highlevel HGF as a potent cue to upregulate myostatin expression and secretion and therefore to deactivate (not differentiate) proliferating satellite cells in culture.
These data do not necessarily prove that satellite cell deactivation responds to HGF in its physiological concentration range found in regenerating or growing muscle tissue, because the myostatin expression was demonstrated just at 500 ng/ml HGF, which was optimized for the in vitro culture assay that enables adequate visualization of the HGF effect within a short culture period of 24 h. It is possible that this HGF concentration may be beyond a physiological range of localized HGF concentrations in the extracellular compartment of damaged muscle tissue. Therefore, the final experiments were conducted to determine minimum concentrations of HGF required for myostatin synthesis and secretion in cultures (Fig. 4) . Activation of satellite cells was stimulated by 2.5 ng/ml HGF for 24 h and then incubated with higher concentration of HGF for the next 24-h period as in Fig. 1A . Whole cell lysates and conditioned media were analyzed for myostatin expression by Western blot, standardized with ␣-tubulin protein in the cell lysates. Results showed significant upregulation of 52-kDa myostatin in the cell lysates (Fig. 4, bottom row) at concentrations greater than 50 -100 ng/ml and at concentrations greater than 10 -50 ng/ml in conditioned media (top row). HGF dose dependence of myostatin expression can account for the proliferation activity profile of satellite cells shown in Fig. 1A , in which the BrdU-incorporation index decreased at HGF concentrations over 10 ng/ml and reached to a level equivalent to the cultures at the beginning of activation-cultures with HGF concentrations of 50 -100 ng/ml. These data indicate that 10 -50 ng/ml HGF is enough to initiate myostatin synthesis and secretion that may mark a crucial step in the negative feedback following low-level HGF-triggered activation and the subsequent proliferation of satellite cells.
DISCUSSION
The importance of satellite cell activity in skeletal muscle regeneration and hypertrophy has been studied for a considerable time. It is well documented that both phenomena are initiated by mechanical insult or other perturbation and one of the earliest events is triggering the activation of quiescent satellite cells, which enables satellite cells to migrate and enter the cell cycle. Allen's group first demonstrated that HGF is unique in its ability to activate satellite cell division in vitro and in living muscle (2, 80) and later verified that the growth factor is present in uninjured muscle and located primarily in the extracellular matrix of muscle fibers (80, 84, 85) . Injection of recombinant HGF into muscle tissue resulted in an increase in the numbers of BrdU-positive or MyoD-expressing satellite cells and a reduction in fiber formation (51, 80) , supporting widely documented in vitro evidence that HGF stimulates the cell activation and proliferation and inhibits differentiation. In further experiments, Tatsumi et al. (81-83, 85, 86) showed that satellite cells are stimulated to enter the cell cycle when subjected to mechanical stretch in culture and living muscle. These experiments also demonstrated that satellite cell activation is due to rapid release of HGF from its extracellular tethering and its subsequent presentation to c-met receptor. Furthermore, HGF release does not require new growth factor synthesis (see reviews of Refs. 87, 90) . Although a significant body of work points to the importance of HGF for satellite cell activation, the contribution of HGF to cell deactivation and the return to G 0 phase is a novel and intriguing idea. This hypothesis was evaluated in the present study and strongly supported by our in vitro observations that satellite cells respond to high concentrations of HGF (over 10 -50 ng/ml) to generate myostatin protein expression and secretion along with decreased cell proliferation and MyoD expression in primary cultures (Figs. 1-3) . These results are consistent with very recent observations by Li et al. (44) that treatment of mouse satellite cells with 50 ng/ml HGF inhibits their proliferation. Analysis of myogenin expression revealed no increase in differentiation in cultures treated with 500 ng/ml HGF (top inset in Fig. 1A) , arguing that the high-level HGF-induced deactivation does not permit terminal differentiation but directs cells to reenter a Fig. 4 . HGF dose dependence of myostatin expression and secretion. Activated satellite cell cultures were incubated with 2.5-500 ng/ml HGF for 24 h from 48-to 72-h postplating as shown in Fig. 1 . Myostatin expression and secretion were evaluated by ECL-Western blotting of whole cell lysates (middle row) and conditioned media (top row) standardized relative to ␣-tubulin protein levels (bottom row). STD, biotinylated molecular weight standards; CNT, control blots of 500 ng/ml HGF culture without primary antibody and with secondary reagents. mitotically quiescent phase. Cells may then be reactivated by low HGF concentrations (2.5 ng/ml, see Fig. 1C ). This same model may be extrapolated to skeletal muscle regeneration and work/exercise-induced hypertrophy.
In the proposed scenario, the time-coordinated increase in extracellular concentrations of HGF is a key modulator for the two contrary pathways having low and high thresholds to initiate activation and the counterpart quiescence of satellite cells, respectively. Therefore, regulation of HGF concentration in muscle tissue is a key aspect of the proposed HGF activation/quiescence model. HGF is an autocrine/paracrine factor that accumulates in the extracellular matrix of uninjured muscle fibers and can be released by NO radical-activated matrix metalloproteinase activity in response to mechanical perturbation of muscle tissue (75, 76, 79, 80, 82-86, 101, 103, 104) . In addition, proliferating satellite cells initiate synthesis of HGF (6, 73) , and therefore, as the numbers of active satellite cells increase, the local concentration of HGF may increase. Jennische et al. (36) reported that mRNA for HGF is first expressed in regenerating muscle 3 days after injury, the earliest time measured, and declines again to barely detectable levels by a week after injury. Although concentrations of HGF were not measured, its location and time of expression are consistent with its function as a mitogen and motogen. Interestingly, spleen and liver cells also respond to muscle injury to produce HGF, which is potentially delivered to damaged regions via blood flow during the period of rapid activation, proliferation, and the subsequent early-differentiation of the cell population (76) . Similar increases in serum HGF level was also reported in some abnormal (but physiological) conditions including obesity (Ref. 77; 2 ng/ml HGF versus 1 ng/ml in control humans) and spontaneous hypertension (Ref. 54; 7 ng/ml versus 2 ng/ml in control rats), in which the HGF production may be upregulated originally in the disease-related organs and distributed to blood. The combination of endogenous HGF secretion by activated satellite cells and HGF produced elsewhere may elevate local HGF concentration to a level sufficient to induce myostatin expression. It remains to be determined whether extracellular HGF concentrations reach a threshold (at least over 10 ng/ml); however, the measurement may be rather difficult in living animals and will require a novel in vivo method to monitor the time course of local extracellular HGF concentrations with adequate sensitivity. In this case, nondestructive procedures would be suitable such as an in vivo measurement reported by Cromack et al. (22) , in which wound fluid was collected from chambers implanted subcutaneously in rats with minimal tissue damage and assayed for TGF-␤. They reported TGF-␤ concentrations of about 1 ng/ml at 3 days and a peak of about 20 ng/ml at 7 days after muscle injury. Common destructive procedures that involve tissue homogenization followed by a centrifugation step to collect supernatants as injured muscle extracts may overestimate the local HGF concentrations because the mechanical perturbation (added to the tissue at the homogenization and spin steps) may liberate additional HGF from its extracellular tethering as described in the previous sections.
The ability of HGF to positively and negatively alter mitotic activity of satellite cells is supportive of a dual function for the growth factor that may be essential for successful muscle growth and regeneration. Similar observations were described by Bischoff (14) in demonstrating that HGF and TGF-␤ exhibited significant chemotactic activity in the 1-10 ng/ml range, but the dose-response curves for both of these factors were bell-shaped and activity declined at higher concentrations to a level equivalent to control satellite cell cultures without any growth factor treatment.
The mechanisms for divergent behavior of satellite cells in response to a common growth factor and the intracellular signaling intermediates are completely unknown at this time. A simple model may be represented as a consequence of different signal intensities generated from the high-affinity receptor c-met that has been known to be responsible for stimulating a cascade of signaling molecules including Gab1, SHP2, RhoA, phosphatidylinositol 3-kinase, Grb2, MAPK, Akt, ERK1/2, and p21 (31, 38, 59, 60, 66, 93 ; reviewed in Refs. 12, 92). Li et al. (44) demonstrated by using gene transfection techniques that a protein tyrosine phosphatase SHP2, which is recruited to the c-met kinase domain via a docking protein Gab1 (64) , is involved in the 50 ng/ml HGF-induced deactivation of satellite cells in primary cultures, and that this inhibitory actions of HGF as mediated through SHP2 include an initial rise in sustained ERK1/2 phosphorylation that is absent within 20 min poststimulus, being in striking contrast to the prolonged ERK1/2 response in many cell types (53, 56) . In addition, 24-h treatment with recombinant myostatin upregulates p21 protein and decreases the levels and activity of Cdk2 protein in C2C12 myoblast (91) and satellite cell cultures (48) . Our present experiments confirmed these results by demonstrating the upregulation of p21 protein in high-level HGF cultures, which was cancelled by coaddition of antimyostatin neutralizing antibody (Fig. 2B) . These data could be supportive of the single-receptor hypothesis to account for the contrary behavior of satellite cells through the HGF ligand association to c-met. The subsequent signal transduction cascade of common intracellular signaling intermediates with their different expression levels and activities could allow generation of different signal intensities responsible for the satellite cell activation and quiescence as a consequence. In this contrary regulation mechanism, the signal intensity could result from a balance between positive and negative modulation of the enzymatic activity of c-met. The differential regulation of the c-met ␤-chain (a larger membrane-passing subunit) may be determined by phosphorylation of two tyrosine residues within the catalytic domain (resulting in upregulation of kinase activity) or by phosphorylation of a serine residue in the juxtamembrane domain (downregulation of kinase activity). The COOH-terminal domain of c-met includes two critical tyrosine residues that together form a docking site for several signal transducers and adaptors when phosphorylated (15, 55; reviewed in Ref. 92) , also providing regulatory points for the presumed divergent behavior of c-met signaling.
Alternatively, the other possible hypothesis may be that there are two classes of receptors having a high affinity (c-met) and low affinity for HGF (an unknown receptor) to generate signals for activation and quiescence of satellite cells, respectively. The nature of the alternate receptor system is unclear at this time, but additional evidence for an alternative pathway is emerging from experiments in which the HGF was shown to stimulate expression of neural chemorepellent semaphorin 3A (Sema3A) in cultured satellite cells through a pathway that does not involve c-met with a maximum induction at 10 -25 ng/ml (89) . Considering that the presence of c-met protein is drastically downregulated to barely detectable levels in our culture condition during 48 -72 h culture time (see Fig. 5A inset of Ref. 89) , which is the same time period at which Sema3A and myostatin expressions were demonstrated to respond to HGF, it is interesting to speculate on the original divergence in signaling between activation and return to the quiescence. Actually, the presence of low-affinity binding sites for HGF has been shown in both HGF-responsive epithelial cells and also in HGF (33), and renal tubular epithelial cells (35) . At the present, however, it is not known what protein(s) constitutes low-affinity receptor for HGF, although Higuchi et al. (34) have found that heparin dose-dependently replaced the binding of HGF to low-affinity sites and therefore suggested that the low-affinity HGF binding sites may be heparin-like extracellular matrixes. As a first step toward understanding this question, it may be invaluable to highlight the extracellular region of c-met ␤-chains that displays structural analogies with the extracellular domains of semaphorins and plexins, which together form a wide family of ligand-receptor pairs that were originally identified in the nervous system, but that are now known to be widely expressed in other cell types (reviewed in Refs. 78, 92) . They all contain the so-called sema domain (a conserved sequence that encompasses about 500 amino acids) and comprise an eightcysteine peptide module that is conventionally termed MRS (met-related sequence), together with three glycine-prolinerich (G-P) repeats. Considering that the MRS in c-met ␤-chain provides a HGF-binding site, plexins and a transmembranetype of semaphorins might be plausible candidates for the HGF low-affinity receptor. In addition, ␣ 6 /␤ 4 -integrin has been shown to interact with c-met to modify c-met-dependent responses, and E-cadherin, hyaluronan receptor CD44, neuropilins, and Fas can also interact with c-met (reviewed in Refs. 20, 92) . These interactions might be hypothesized to contribute to the functional separation of the two signals for activation and the counterpart quiescence (myostatin expression and secretion) of satellite cells, according to their different binding affinity for the HGF ligand. Recently, we have found that the myostatin expression and deactivation activities of satellite cells can be abolished by coaddition of neutralizing antibody to neuropilin-1, which is known as a membrane-bound coreceptor protein of a tyrosine kinase receptor for both vascular endothelial growth factor (VEGF) and Sema3A (Yamada M and Tatsumi R, unpublished observations). These experiments also showed that the neuropilin-1 protein coimmunoprecipitates with HGF in the cell lysates, supporting the above coreceptor protein hypothesis of an unknown low-affinity receptor for HGF. In this case, because neuropilins do not possess the MRS module as revealed by the sequence homology analysis, it is speculated that neuropilin-1 might be a receptor partner with c-met, plexins, or semaphorins to constitute the functional low-affinity receptor; its detail, however, awaits further study. Nonetheless, in this model, the time-coordinated coexpression and formation of the functional receptor protein pair have an additional implication for understanding the delayed action of the quiescence signaling auto-program in proliferating satellite cells during initial phases of muscle growth and regeneration.
Finally, an important issue for discussion may be an extracellular regulation of secreted myostatin activity. It is worth noting again that a 52-kDa protein corresponding to the inactive promyostatin was a main form found in serum-free DMEM conditioned media from cultures treated with HGF over 10 ng/ml (top rows in Figs. 3A and 4) ; the active form, which is generated by proteolytic processing of the pro-form along with a NH 2 -terminal latency-associated peptide (LAP) (43) , was barely detected in conditioned media or cell lysates by our ECL-Western blot analysis. Therefore, the activation of myostatin protein secreted to extracellular compartment is a crucial step for the high-level HGF-induced return to quiescence of proliferating satellite cells. It has been shown that the circulatory promyostatin is cleaved and activated by a bone morphogenetic protein-1 (BMP-1)/tolloid family of metalloproteinases (97). Anderson et al. (11) also demonstrated that myostatin is present extracellularly as uncleaved pro-form and can be processed there by a furin family pro-protein convertase. Although there is no evidence at this time implicating these extracellular proteases in our satellite cell culture phenomenon, it may be possible that an enzyme present in serum is essential for processing of the promyostatin. In the presence of 10% HS in culture media, the secreted protein actually displayed biological activities to downregulate the cell proliferation and upregulate p21 expression, which can be cancelled by coaddition of antimyostatin neutralizing antibody to levels equivalent to the positive control culture with 2.5 ng/ml HGF (Fig. 2) . The importance of promyostatin activators may be emphasized by physiological situation specifically found in damaged muscle, in which blood is leaked out of damaged intramuscular capillaries in regions of injury and the processing enzymes present in sera may be potentially responsible for activating promyostatin protein secreted from proliferating satellite cells. After processing, the active myostatin COOHterminal peptide forms the disulfide-linked homodimer and then binds to activin IIAB receptors to generate the cell quiescence signaling (42, 58) through phosphorylation of TGF-␤-specific Smad2 and 3 to form a ternary complex with Smad4. The subsequent translocation of the Smad complex to the nucleus regulates expression of targeted genes such as MyoD, Pax7, and the other myogenic regulatory factors (40, 42, 46, 63) . As a result, satellite cells return to quiescent, undifferentiated state, and activation is blocked to maintain quiescence (48, 57, 91, 95) . In this cascade, there are some additional factors that have been known to regulate myostatin activity. LAP can form a noncovalent complex with the COOH-terminal active dimer, which maintains it in a latent/inactive state (42, 91) , and follistatin, known as a negative regulator of myostatin, has been well documented to inhibit satellite cell proliferation by blocking myostatin and activin association with the receptor (26, 43) . In the present study, however, the potential role of these inhibitory peptides in regulation of the high-level HGF-induced deactivation was not examined. Finally, it may be worthy to note that small natural splice variants of HGF, NK1, and NK2 composed of only the NH 2 -terminal hairpin loop and the subsequent first and second kringle domains, have been demonstrated to be expressed in many normal tissues including skeletal muscle, liver, mammary gland, and kidney (16, 45, 52, 69) . It is conceivable that there is an important physiological role for these factors in coordinating with the full-length ligand to act as antagonists or agonists for the HGF/low-affinity receptor system. In summary, the present experiments propose the possible role for the HGF in the quiescence through its concentrationdependent negative feedback mechanism following satellite cell activation and proliferation, as modeled in the low-affinity receptor hypothesis in Fig. 5 . Briefly, initiation of satellite cell activation requires only ng/ml levels of HGF; thus the amount of HGF released from extracellular tethering may be sufficient for rapid activation through the growth factor ligand/highaffinity receptor c-met system (see reviews of Refs. 87 and 90 for more details). HGF synthesis is initiated in satellite cells and other cell types in response to muscle perturbations and causes an increase in local HGF concentrations bathing proliferating satellite cells. Satellite cells continue to proliferate during regeneration and hypertrophy (or hyperplasia), but when extracellular HGF concentrations reach a threshold high enough to associate with an unidentified low-affinity receptor, satellite cell-derived myoblasts start expressing myostatin. Active myostatin is then produced and secreted from satellite cells to signal the cell quiescence.
It should be noted that the present work does not determine whether high concentrations of HGF act on all myogenic cells or a subset of cells that are programmed to self-renew. Schultz (68) provided some of the original evidence for different populations of satellite cells. His work indicated that there was a large population that was active during growth and a smaller population that was not, and consequently, might represent the reserve population responsible for repair during adulthood. This later population might therefore have greater capabilities to move in and out of quiescence as the population is renewed. In contrast to most of the reported work on satellite cell self-renewal, the experiments reported here and with all of our previous work on activation were all done with 9-mo-old adult rats. Therefore, only the adult maintenance population of satellite cells should be present, and most of these cells might be expected to have the ability to return to quiescence after activation and proliferation.
According to this model, activation and quiescence of satellite cells may be a temporally coordinated sequence of events centering on the actions of HGF on myogenic cells. The role of HGF in muscle repair, however, may not be restricted to myogenesis; Tatsumi et al. (89) demonstrated that HGF (over 2.5 ng/ml) upregulates neurochemorepellent Sema3A expression in satellite cells at early-differentiation phase (not activation and proliferation stages) in primary cultures of the cells and muscle fibers and in vivo. The results lead to speculation that the expression and secretion of Sema3A from satellite and satellite-derived myogenic cells may mediate restoration or remodeling of the nervemuscle connections through chemorepulsive events. HGF stimulation of Sema3A may be involved in coordination of a delay in sprouting and reattachment of motoneuron terminals onto damaged muscle fibers in synchrony with recovery of muscle fiber structures that enables persistent or restored contractile activity (see a model in Fig. 7 , A1-A3, of Ref. 89 ). Sema3A expression may potentially also regulate vascular morphogenesis through Sema3A-VEGF competitive binding to receptor neuropilins, and integrin-mediated endothelial cell adhesion and migration (71; reviewed in Ref. 25) , and muscle HGF may be directly involved in angiogenesis. Together, the previous reports and the present results lead to the idea that successful muscle regeneration, composed of myogenesis and intramuscular neuritogenesis and angiogenesis, may be a programmed sequence of events that respond to a mechanical insult or other perturbation in a synchronous, HGF-dependent, and time-coordinated manner. A: possible mechanism for the activation: quiescent satellite cells are activated to reenter the cell cycle in response to mechanical perturbation of muscle tissue through a molecular cascade of events including calcium ion influx from extracellular compartment through a stretch-activated (SA)-Ca 2ϩ channel, calcium-calmodulin (Ca-CaM) formation, nitric oxide (NO) radical production by activated constitutive NO synthase (cNOS; neuronal NOS and endothelial NOS), matrix metalloproteinase (MMP) activation, rapid release of HGF from its extracellular tethering (possibly with associated extracellular segment of proteoglycans) to give rise to ng/ml level of the growth factor, and the subsequent presentation to the high-affinity receptor c-met to generate a signal for satellite cell activation. [From Tatsumi and Allen (87) and Tatsumi (90) , with modification.] B: satellite cell quiescence through a negative feedback mechanism following satellite cell activation and proliferation. HGF synthesis is initiated in satellite cells and spleen and liver cells in response to muscle damage. Local concentrations of HGF bathing proliferating satellite cells reach a threshold after an appropriate time lag for activation and proliferation of satellite cells. HGF can bind to an unknown low-affinity receptor responsible for signaling myostatin expression. The myostatin protein (MSTN) is secreted and processed to the active form that associates with activin type IIAB receptors that signal satellite cell quiescence. L-Arg, L-arginine.
